Abstract. We experimentally study the behavior of one multimode fiber-hollow core fiber-multimode fiber structure when nanofilms are deposited on it with the aim of developing practical evanescent field-based devices, such as sensors, filters, etc. The electrostatic self-assembly ͑ESA͒ method is used as the deposition technique and the chosen polymers are PDDA and Poly R-478 because of their wellknown optical properties and their potential application as humidity sensors. Three different types of hollow core, fibers are used for the fabrication of the devices and at two different wavelengths. An oscillatory-decreasing transmitted optical power is obtained as the thickness of the nanofilms is increased.
Introduction
There is an increasing interest in the development of novel types of special fibers for optical devices.
1,2 Some examples are holey fibers ͑photonic band gap fibers, indexguiding photonic crystal fibers, Bragg fibers͒, omniguide fibers, and hollow core fibers ͑HCF͒. New applications, such as fiber-optic strain sensors, 3 broad band bandpass filters, 4 electrically controllable long-period liquid crystal fiber gratings, 5 or mode converters 6 using these fibers have been already proposed using these nonconventional guiding structures. Furthermore, there are many fabrication possibilities for each one, and probably the simplest ones are HCF. Different HCFs have been fabricated. 1 For simplicity, only the design with a central air hole and silica cladding is selected in this work.
We have studied the influence of a nanofilm deposited onto a simple HCF-based structure that consists of a shortlength HCF segment spliced between two standard multimode fibers ͑MMF͒, which will be designated MHM through the text for the sake of simplicity. The nanofilm is deposited using the ESA technique, which allows control over the thickness of the coating on the order of few nanometers. 7 Previous works have reported applications of similar structures, [3] [4] [5] [6] but in this work we focus our attention on the change experienced in the transmitted power characteristics of the light guided through the MHM as the thickness of the deposited film is increased. As will be reported, this change depends on several parameters. Some of them will be experimentally analyzed toward the development of practical evanescent field devices. This structure has been chosen because of its simplicity, sensitivity, robustness, and low cost. The use of a plastic cladding fibers ͑PCF͒ instead of HCF yields to a lower sensitivity structure, 8 and the main problem with tapered fibers is their bending vulnerability, 9 just to mention a couple of evanescent-fieldbased alternative arrangements already implemented. Other advantages include flexibility in the design ͑diameters and length of the HCF͒ and potential applications. 1 The remainder of this paper is organized as follows. In Sec. 2 the design and fabrication arts are explained. Later on, the experimental setup developed to characterize this nanostructure together with the technique used to control the thickness of the nanodeposition is detailed. In Sec. 4 there is an analysis of results obtained. Finally, some concluding remarks are given.
Fabrication of the MHM
The structure of the device proposed in this work is shown in Fig. 1͑b͒ . It consists of one short segment ͑around 15 mm͒ of HCF spliced between two MMF. Previously, the jacket of the HCF had to be removed. If the HCF and the MMF are spliced together using the appropriate electric arc conditions, the HCF collapses and forms a tapered solid fiber in the interface between both fibers ͓see Fig. 1͑a͔͒ . In these devices, the light that is guided in the core of the lead-in MMF can be coupled to the cladding of the HCF due to the tapered region, instead of being confined in the air core. When the light reaches the lead-out MMF, it will be coupled into the silica core again. Because the light is guided by the silica cladding in the HCF region, these devices can be used as evanescent field fiber devices. In guided into the core; then, in the HCF section, the light becomes guided by the cladding and, finally, the light is guided again by the lead-out MMF core. Figure 2 shows the experimental setup used. The light of two superluminiscent LEDs at 1310 and 850 nm is multiplexed with one tapered optical fiber 50/ 50 coupler into one fiber and guided through the lead-in MMF. Then, it passes through the HCF cladding and goes to the lead-out MMF that is connected to an 850/ 1310 demultiplexer. This way, the MHM response to each wavelength can be obtained separately with the optical detector and recorded in a computer.
Experimental Setup 3.1 Controlling the MHM Coating Thickness
Along with the MHM device and at the same time, a control fiber whose end has been cleaved perpendicular to its axis is placed as shown in Fig. 2 . The control fiber used was a standard MMF coupled to a nanoFP™ module ͑from Nanosonic, Inc.͒, which integrates an 850-nm LED source, a 50/ 50 coupler, and an optical detector. This way, a thin film is being created onto the cleaved end-face of the optical fiber as the material is deposited using the ESA technique creating a nano-Fabry-Perot interferometer, at the same time that the coating is growing onto the MHM-based structure. Analyzing the curve obtained from this interferometer ͑shown at the top of Fig. 2͒ , it is possible to infer the thickness and the refractive index of the material deposited. 10 In this case, each bilayer was around 15 nm thick and the refractive index was approximately 1.53. The main advantage of this thickness-control technique is that the monitoring can be carried out during the MHM fabrication process.
ESA Technique
ESA has been demonstrated to be a good method to deposit thin layer films of many different materials on the nanometers scale. 8, 10 The technique takes advantage of the electrostatic attraction between polyanionic and polycationic molecules. The solutions selected for the experiments described in this work were Poly R-478 ͑anthrapyridone chromophore͒ as the anionic electrolyte and poly ͑diallyldim-ethyl ammonium chloride͒ ͑PDDA͒, as the cationic solution. In previous works it has been demonstrated that this combination behaves as an homogeneous optical film with interesting humidity sensing properties. 10 Before proceeding to the deposition, the substrate surface ͑the HCF external surface͒ has to be electrostatically charged. If this charge is negative the cationic material will be deposited first. In this case, the substrate was cleaned and charged negatively, therefore the substrate was dipped first into the cationic solution for enough time to let the electrostatic forces act and get an optical uniform layer added to the substrate. Then, it is dipped into deionized water in order to wash it. The next step consists of repeating the same procedure, but this time using the anionic solution. This process is repeated ͑Fig. 3͒, increasing, layer by layer, the thickness of the material deposited onto both the MHM structure and the control fiber.
Experimental Results
Some experimental results are presented in Figs. 4 and 5. In  Fig. 4 , the HCF segment has a length of 15 mm and the inner and outer diameters are 102 and 160 m, respectively. In Fig. 5 the HCF segment used in the MHM has a length of 20 mm, and diameters of 50/ 150 m.
The power transmitted by MHM structures follows an oscillatory path as the number of nanobilayers deposited gets increased. As it can be seen, the period of this oscillation depends, among other parameters, on the wavelength of the light source as expected due to the modal interferometer behavior it exhibits.
2 Furthermore, it is observed a gradual decrease of transmission due to the nonzero imaginary part of the refractive index of the nanofilm deposited. The different slope in both figures is also noticeable; in fact, there are almost 10 dB of difference between the first output optical power minimum achieved in the curves of Fig. 5 with respect to the one achieved in Fig. 4 . This is due to the different geometrical characteristics of the HCF segment used. In order to clarify the influence of the inner diameter of the HCF segment used, we obtained the experiment in Fig. 6 . The HCFs used have inner diameters of 10 and 50 m. The outer diameters and the total length in both cases have been fixed to 15 mm and 150 m, respectively. Realize that the amplitude of the oscillatory behavior of the transmitted power tends to reduce when the inner diameter decreases because the evanescent field ratio with respect to the total transmitted optical power is higher.
Other parameters exist that also affect the optical power transmission of this device such as the length of the HCF section, the splice machine parameters used to taper the multimode fibers ͑that is, the slope of the taper͒, the index of refraction of the overlay, etc. Because of this, a thoroughly theoretical study covering all these effects will be published elsewhere.
Finally, in order to demonstrate the ability of the proposed structure to sense the surrounding environment, and taking into account that the overlay is humidity sensitive, the MHM structure was introduced into a climatic chamber where a control signal is applied ͑dotted line in Fig. 7͒ , keeping the temperature at a constant ambient value. The experimental curves obtained are shown in Fig. 7 . It can be seen that the structure behaves as a humidity sensor with an apparently noisy signal, probably due to the climate chamber. Also, the response of the sensor seems to be repetitive.
Conclusions
The behavior of MHM-based structures at two different wavelengths using different HCF segments when a nanofilm is being deposited on them has been experimentally analyzed. The power transmitted follows an oscillatory path whose period and depth depends on the wavelength used and the geometrical characteristics of the HCF utilized, respectively. These results could be used to optimize prior applications 1 or in novel several devices as evanescent sensors, filters, optical attenuators, etc. In order to demonstrate the potentiality of these types of structures, a preliminary humidity sensor has been also fabricated. 
